The tool. wt. of the RNA components of twelve nepoviruses were estimated by electrophoresis at 6o °C in z-o% polyacrylamide gels containing 8 M-urea. This method gave estimates of RNA mol. wt. that were very reproducible and those for RNA-2 are considered more accurate than values published hitherto.
INTRODUCTION
All nepoviruses so far studied have two essential RNA molecules (RNA-I and RNA-2); some may have in addition a 'satellite' RNA (RNA-3). The mol. wt. of these RNA molecules and the ways in which they are packaged in the protein shell determine the number of nucleoprotein components and their sedimentation coefficients (Harrison & Murant, 1977) . Previous estimates of nepovirus RNA tool. wt. have usually been obtained by measuring their mobilities when electrophoresed in polyacrylamide gels using buffers such as the trisphosphate-EDTA buffer of Loening (I969) or the tris-borate-EDTA buffer of Peacock & Dingman (I967) . However, in these buffers the RNA molecules retain considerable secondary structure and the mol. wt. estimates may therefore be incorrect. More recently, methods have been described of determining RNA mol. wt. under denaturing conditions. Staynov et al. (I972) performed electrophoresis in gels containing 2o mi-NaC1 in IOO% formamide; modifications of this procedure include the use of buffered 98 or 99 % formamide at room temperature (Boedtker et al. 1973; Pinder et al. I974) , buffered 98% formamide at 30 °C (Reijnders et al. 1973) and buffered formamide at 45 to 55 °C in exponential polyacrylamide gels (Spohr et al. 1976 ). An alternative method (Reijnders et al. 1973) involving electrophoresis at 6o °C in polyacrylamide gels containing 8 M-urea in tris-EDTA buffer at pH 7"5, gave estimates of RNA tool. wt. similar to those found using buffered 98 % formamide at 3o °C. Reijnders et al. (I974) used this method to determine the RNA tool. wt. of several plant viruses. We have obtained estimates of RNA mol. wt. for several nepoviruses using electrophoresis in the presence of 8 M-urea at 6o °C. We believe the new estimates for RNA-2 are more accurate than those published previously; however, those for RNA-I may be less satisfactory. The results show that the nepoviruses fall into three clusters according to the mol. wt. of RNA-2.
Virus isolates. The following viruses were used: tobacco ringspot virus (TobRV), an isolate from blueberry (Lister et al. 1963) ; potato black ring virus (PBRV)*, from potato (Salazar & Harrison, 1977) ; raspberry ringspot virus (RRV), an isolate of the Scottish serotype from Lloyd George raspberry (Murant et al. 1968) ; arabis mosaic virus (AMV), an isolate from raspberry (Harrison, 1958a) ; mulberry ringspot virus (MRV)*, from mulberry (Tsuchizaki et al. 1971) ; tomato black ring virus (TBRV), the stock culture from Arctium lappa (Harrison, 1958b ) of the Scottish serotype; grapevine (Hungarian) chrome mosaic virus (GCMV)*, type strain from grapevine (Martelli & Quacquarelli, 1972) ; artichoke Italian latent virus (AILV)*, type strain from artichoke (Majorana & Rana, 197o) ; myrobalan latent ringspot virus (MLRV)*, type strain (Dunez et al. I971) ; cherry leaf roll virus (CLRV)*, an isolate of the golden elderberry strain (Hansen & Stace-Smith, 1970 ; tomato ringspot virus (TomRV)*, type strain supplied by R. W. Fulton; strawberry latent ringspot virus (SLRV), type strain from strawberry (Lister, 1964) ; tobacco mosaic virus (TMV), a typical tobacco strain. The viruses indicated with an asterisk (*) were cultured under licence from the Department of Agriculture for Scotland.
AMV, CLRV, PBRV, TobRV and TBRV were propagated in Nicotiana clevelandii; AILV, MRV, MLRV, RRV and SLRV in Chenopodium quinoa; GCMV in Phaseolus vulgaris cv. The Prince; TomRV in Cueumis sativus; and TMV in Nicotiana tabacum cv. Samsun.
Virus purification. AILV was purified from a leaf extract in o.o6 M-phosphate buffer, pH 7, containing o. I ~o thioglycollic acid; the extract was clarified by adding an equal vol. of chloroform and the virus was concentrated from the aqueous phase by precipitation with lO% polyethylene glycol (PEG), 1% NaC1 followed by two cycles of differential centrifugation. CLRV and TomRV were purified by the method of Stace-Smith (I966), MRV by that of Tsuchizaki et al. (I971) , and TMV by that of Gooding & Hebert (1967) . The other viruses were purified as described for RRV (Murant et al. 1972) .
Preparation of RNA samples. Escherichia coli, for preparation of marker RNA, was kindly supplied by Dr B. Haddock, University of Dundee. RNA was extracted from E. coli by homogenizing I g cells in a mixture of (a) 15 ml 0"04 M-tris-HC1, pH 8.0, and (b) I5 ml water-saturated phenol+m-cresol (9: 1, v/v) + o.1% 8-hydroxyquinoline. The aqueous phase from the first phenol/m-cresol extraction was treated with 2 vol. ethanol, stringy material was spooled out and the remaining precipitate sedimented, dissolved in 2 % SDS and re-extracted with phenol/m-cresol. RNA was extracted from virus preparations by extracting twice with an equal vol. of the above phenol/m-cresol mixture. E. coli and virus RNA preparations were stored at -15 °C under 7o% ethanol. Before use in electrophoresis or thermal denaturation experiments, RNA precipitates from ethanol were washed with acetone, the solvent evaporated and the dry RNA resuspended in appropriate solutions.
Thermal denaturation experiments. Thermal denaturation profiles of RNA samples (5o #g) in electrophoresis buffer containing 8 M-urea were determined in a Pye Unicam SPISoo double beam recording spectrophotometer using a Unicam SP876 temperature programme controller and a Unicam SP877 electrically heated cell-holder. The cell block was heated at o'5 °C/rain and temperature readings were taken in a duplicate cell adjacent to the sample cell. Absorbance readings were corrected for thermal expansion by measuring the change in absorption of hypoxanthine in the same solvent.
Electrophoresis of RNA under denaturing conditions. Polyacrylamide gels containing 8 M-urea, 2o mM-tris-HC1, 2 mM-EDTA, pH 7"5, were prepared in glass tubes of 5 mm 
i.d. as described by Reijnders et al. 0973) , except that the concentration of acrylamide was 2.o %. Best results were obtained using 2 to IO #g RNA per gel. Dry RNA samples were dissolved in buffer containing Io M-urea, o.2 % SDS. Electrophoresis was for 9o to i2o rain at 5 mA per gel and 60 to 65 °C. Bands were located using a Joyce Loebl u.v. scanner operating at 265 nm or by staining with o.o2 % toluidine blue in 4o % methoxyethanol. The apparent tool. wt. of nepovirus RNA species was calculated with reference to the following RNA species used as internal standards: TMV-RNA, tool. wt. 2.o x I@ (Boedtker, I96o), and Escherichia coli 23S and I6S ribosomal RNA, tool. wt. I.o 7 x io 6 and o'55 x io n (Stanley & Bock, I965) . Regression lines were fitted by computer, assuming that mobility was inversely proportional to log tool. wt. 
RESULTS

Denaturation of nepovirus RNA in buffer containing 8 M-urea
Fig. I gives thermal denaturation curves for RNA preparations of twelve nepoviruses, determined in electrophoresis buffer containing 8 M-urea. Curves obtained with ribosomal RNA ofEscherichia coli and with TMV RNA were similar to those given by Reijnders et al. (1973 Reijnders et al. ( , 1974 . All the nepovirus RNA preparations showed about 8 to IO % residual hyperchromicity at 2o °C, but all were fully denatured at 55 to 6o °C; in tests with RNA of AILV, PBRV, RRV, SLRV, TobRV and TomRV, no further increase in absorption was obtained by heating the samples to 90 °C. These results confirm the conclusion reached by Reijnders et al. (1974) in work on RNA from other plant viruses. Estimates of RNA mol. wt. under fully denaturing conditions were therefore made by electrophoresis in polyacrylamide gels in buffer containing 8 M-urea at buffer temperatures of at least 6o °C. The hot urea technique gives extremely reproducible results, as shown by the low standard errors in Table I . Moreover, it is capable of very good resolution: Fig. 2(a) to (c) gives absorbance profiles for TomRV, CLRV and MLRV RNA preparations, each electrophoresed in the same gel with TMV RNA and Escherichia coli ribosomal RNA. Fig. 2 (d) to (f) shows the respective plots of mobility against log mol. wt. In Fig. 2 (a) TomRV RNA-2 (mol. wt. 2"05 x io 6) is clearly resolved from TomRV RNA-I (mol. wt. 2"I 7 × IO 6) and from TMV RNA (mol. wt. z.o × lO6). CLRV RNA-2 appears significantly smaller than TomRV RNA-2 and co-migrates with TMV RNA (Fig. 2b) . MLRV RNA-2 (mol. wt. 1.9o × Io 6) is well resolved from TMV RNA (Fig. 2c) .
Electrophoresis of nepovirus RNA under denaturing conditions
In these experiments no RNA species were detected that could not be found by electrophoresis under non-denaturing conditions, but experiments with RNA of other viruses (unpublished results) suggest that the high resolution of the hot urea method may be useful in revealing the existence of minor RNA species that are difficult to detect by electrophoresis in non-denaturing conditions.
The RNA-3 molecule of TBRV seems significantly larger than that of MLRV (Table I) . That of TBRV is believed to be a satellite RNA because it is not essential for multiplication of the parent virus, but is dependent on the virus for its own replication (Murant et al. I973) . The RNA-3 of MLRV is also assumed to be a satellite RNA (Delbos et al. I976) . The RNA-3 of SLRV was reported previously (Mayo et al. I974) but differs from those of TBRV and MLRV in forming a broad band in hot urea gels, suggesting that it is heterogeneous in size. Whether this species is a satellite RNA is unknown, but it is apparently not essential for SLRV multiplication because it was not detected in an isolate (J) obtained from raspberry (Mayo et al. ~974) .
DISCUSSION
The results show that with all the nepoviruses studied, electrophoresis in 2"0~o polyacrylamide gels at 6o °C in the presence of 8 u-urea gives much decreased estimates of mol. wt. of RNA-I compared with those obtained under non-denaturing conditions, whereas the estimates for RNA-2 were not greatly altered. This result parallels that obtained with cowpea mosaic virus by Reijnders et al. (t974) . In other experiments we have found similar decreases in estimated tool. wt. for a variety of plant virus RNA species with mol. wt. exceeding 2.o × Io 6. For example, the mol. wt. of the RNA of apple chlorotic leaf spot virus, previously reported to be 2-4 × Io 6 from electrophoresis under non-denaturing conditions (Bar-Joseph et al. I974), was estimated to be 2.I × IO 6 in hot urea gels (F. Bern, A.F. Murant & M. Taylor, unpublished data) , and that of the RNA of potato virus T, which is serotogically related to apple stem grooving virus, was found to be 2"5 × Io 6 in non-denaturing gels but 2-2 x Io 8 in hot urea gels (A. F. Murant & M. Taylor, quoted in Salazar & Harrison, I978) .
One possible explanation of these observations is that the large RNA species retain more secondary structure than the smaller ones in non-denaturing conditions. Another possibility is that in 2-o % polyacrylamide gels the mol. wt. value at which the empirical linear relationship between log mol. wt. of RNA and mobility breaks down is about 2 x ~o 6. In the absence of reliable marker RNA species of mol. wt. exceeding this value, we have investigated this possibility by examining the behaviour of RNA-r and RNA-z from the CAM strain of tobacco rattle virus in urea gels. These two RNA species are packaged separately in particles of different lengths (197 and 52 nm, respectively; Harrison & Woods, 1966 ) and the ratio of RNA tool. wt. should be similar to that of the particle lengths (3"8)~ Cooper & Mayo 0972), using polyacrylamide gel electrophoresis under non-denaturing conditions, obtained mol. wt. estimates of 2. 5 x lO 6 and 0"7 x lO 6 for RNA-I and RNA-2, respectively, giving a ratio (RNA-I/RNA-2) of 3"6. In contrast, our estimates of RNA mol. wt. from hot urea gels were 2.o4+_o.o2xlo 6 and o'64+o-o1×1o 6 giving a ratio (RNA-I/RNA-2) of only 3-22. Assuming that the value of o'64 x lO 6 for RNA-2 is correct, the estimate for RNA-I is therefore too small; its true value should presumably be about 2. 4 x io 6.
For these reasons, and the considerations of packaging discussed below, we have reservations about the accuracy of the estimates for nepovirus RNA-I species obtained in hot urea gels. However, the data for RNA-2 seem likely to be more accurate than those previously obtained under non-denaturing conditions, and provide a firmer basis than existed previously for separating the viruses into sub-groups similar to those proposed by Quacquarelli et al. (I978) . The results of these direct comparisons under comparable conditions show that most of the viruses fall into three clusters according to the sizes of their RNA-2 molecules, as follows:
Cluster (i) comprises TobRV, PBRV, RRV and AMV; all have RNA-2 of mol. wt. I'45 to 1.48 × 1@ and M (middle) component sedimenting at 86 to 93S. RNA-2 occurs in M component (one molecule per particle) but also in some particles of B (bottom) component (presumably two molecules per particle; Murant et al. I972; Mayo et al. I973) . Other B component particles contain one molecule of RNA-1. The eucharis mottle strain of TobRV, the hop strain of AMV and grapevine fanleaf virus probably also fall into this cluster. It is not clear whether MRV belongs here or in cluster (ii). It has an RNA-z tool. wt. of 1.5o x io 6 but its M component sediments at 96S. The RNA composition of its B component particles has not been determined, but is clearly of interest.
Taking RRV as an example, and assuming that all the particles contain 6o protein subunits of mol. wt. 54ooo (Mayo et al. I970 , the calculated mol. wt. of the particles using the estimates of RNA mol. wt. from hot urea gels are: T (top) component (empty protein shells), 3.24 x lO6; M component, 4"69 x I@; B component with one molecule of RNA-I, 5.38 × lO6; B component with two molecules of RNA-2, 6"14 × lO 6. Thus the fact that, using hot urea gels, the estimates for mol. wt. of RNA-I molecules are smaller than those obtained in non-denaturing conditions, whereas those for RNA-2 molecules are not, means that there is an increased difference in calculated tool. wt. between the two kinds of B component particle which, however, have the same sedimentation coefficient. This is another reason for suspecting that the hot urea gels provide estimates of RNA-I tool. wt. that are too low. However, there are other possible explanations for this discrepancy.
Cluster (ii) comprises TBRV, GCMV and AILV. These viruses have RNA-2 of mol. wt. 1"63 to I'68 × lO 6. Correlated with this larger RNA-2, they have M component particles with sedimentation coefficients of 92 to 97S, and do not possess a class of B component particles containing two molecules of RNA-2 (Randles et al. I977; Quacquarelli et al. 1978) . Cocoa necrosis virus (Kenten, 1972) is serologically distantly related to TBRV and possibly to GCMV, and seems also to belong here.
MLRV has an RNA-2 mol. wt. of 1.9 o × lO 6 and its M component sediments at Io5S, which makes it intermediate between viruses in cluster (ii) and those in cluster (iii). It is reported to be serologically related to TBRV (Delbos et al. 1976 ) but we could not confirm this (our unpublished data) in gel-diffusion tests using MLRV, and the Scottish and potato bouquet serotypes of TBRV, and their homologous antisera.
Cluster (iii) contains CLRV and TomRV, which have RNA-2 molecules of apparent mol. wt. 2.0 to z.o 5 × lO 6, and M components sedimenting at I15 to 119S. Peach rosette mosaic virus (Dias, 1975) and grapevine Bulgarian latent virus (Martelli et al. 1977 ) may also be best classified here because they have M components sedimenting at ~ ~5 and ~2oS, respectively. SLRV has not been placed in any of the above clusters; Harrison & Murant 0977) regard it as merely a ' tentative' member of the nepovirus group because of its anomalous protein composition (Mayo et al. ~974) . However, in the mol. wt. of its RNA-~ and RNA-2 molecules it is indistinguishable from nepoviruses in cluster (i).
We have confirmed that the hot urea procedure of Reijnders et al. 0973) provides very reproducible estimates of RNA tool. wt. under denaturing conditions and is capable of resolving small differences. Although we have reservations about the accuracy of the estimates of tool. wt. exceeding 2.o × xo ~, our results show that data obtained in this way are not only of intrinsic interest but also permit meaningful comparisons to be made between related viruses.
